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leneloxyterephthalovl-co-oxvf2-methv1 -1.4-Dhenv1eneloxv-l.4-Dhenvlene-
diacetovl1 and Pol vroxy(2-Dhenv1 -1.4-Dhenylene)oxvtereDhthaloy1-co-
0XY(2-pheny1-1.4-pheny1eneloxv-1.4-Dheny1enedjacetov11.
Advisor: Professor Malcolm 8. Polk
Thesis dated May 1989
The objective of my thesis research was to synthesize liquid
crystalline copolyesters. The following copolyesters were synthesized:
Poly[oxy(2-methyl- 1,4-phenylene)oxyterephthaloyl-co-oxy(2-methyl-1,4-
phenylene)oxy-l,4-phenylenediacetoyl] PCO I; and Poly[oxy(2-phenyl-1,4-
phenylene)oxyterephthaloyl -co-oxy(2-phenyl -l,4-phenylene)oxy-l ,4-
phenylenediacetoyl ] PCO II.
The resulting copolyesters were characterized by optical




From ancient civilization, man has studied all types or forms of
matter. The ancient Greeks classified a11 matter as polymeric animal or
vegetable matter. With today’s advances in science and technology, we
have come to the age of polymers. Protein was the first polymer used as
a source of amino acids and energy. A display of talent for making
empirical discoveries was shown by polymer scientists before the science
was developed. Because of the theory developed by Staudinger,
Carothers, Mark, and other polymer scientists, polymer technology
rapidly advanced in the 1930s and 1940s.^
Polymers with regular structures can crystallize. For instance,
if a chain has a random sequence of several different units, it cannot
crystallize, whereas a chain made up of perfectly repeating identical
units can crystallize or fit into a crystal lattice. Within the crystal
lattice, the chain may have a helical conformation or a planar zigzag
conformation. The morphological aspects of structures are complex and
only partially understood in crystalline polymers. The fringed micelle
model is the morphological model that was used for many years to explain
the fact that when a polymer is crystallized from the melt by cooling,
you have two distinct crystalline and amorphous regions. The individual
polymer chain is folded back and forth many times within the crystal
according to a discovery in 1957 by Keller, Till, and Fischer proving
that polyethylene could be crystallized from dilute solution in the form
of well-defined single crystals.^ The fold length, or lamina thickness,
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is not unique but depends upon the conditions of crystallization. The
morphology of polymers crystallized from the melt had to be reexamined
by polymer chemists because of the discovery of folded-chain, single
crystals with lamellar shape in dilute solution crystallization.
Therefore the hypothesis behind all of this is that the morphology of a
melt-crystallized polymer is intermediate between the extremes
represented by the classical fringed micelle model and by the completely
folded-chain single crystals obtained from dilute solution.
The mechanical response of crystalline polymers is more
complicated than amorphous polymers. Semi-crystalline polymers undergo
viscoelastic deformation because of the amorphous regions that are
present. Semi-crystalline polymers have no molecular mobility below the
glass-transition temperature which causes the polymer to behave as a
hard elastic solid. The polymer is no longer crystalline at
temperatures above the melting temperature which causes the polymer to
behave as an amorphous viscoelastic melt. Between the glass temperature
and melt temperature, and somewhat below the glass temperature, the
response to stress is complicated. Extreme nonlinear dependence upon
the stress is one of the complications encountered in the mechanical
response of crystalline polymers.^
Oriented crystalline fibers exhibit mechanical behavior that
resembles that of a viscoelastic plastic. When tensile stress is
applied to such a fiber, its creep response is complicated and upon
unloading, creep recovery is far from complete, even after very long
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recovery times. The fiber is now mechanically conditioned, and responds
in a simpler fashion to subsequently imposed stresses. Further
nonrecoverable deformation occurs if the conditioning stress is exceeded
and th^ riber is mechanically conditioned to the new and higher stress
level.
Organic polymers are liable to mechanical failure under extreme
loading conditions due to excessively high stress. This mechanical
failure can also occur at low stress levels due to stress applied for a
long period of time (creep failure), cyclic stress (fatigue failure),
and mechanical stress accompanied by an attacking solvent (environmental
stress cracking). A large number of tests are required for complete
specification of the ultimate mechanical properties of a given polymer.
Among these are: stress-strain curves (carried to the point of failure)
at different temperatures and different testing speeds, creep to failure
under different static loads, cyclic loading tests, mechanical loading
in the presence of pertinent environmental agents such as water,
detergents or butterfat, and examination of failure in response to
multi axial stresses as well as uniaxial tensile stress.^
One way to characterize a particular polymer is the use of a
tensile stress-strain curve. Young’s modulus is provided from the slope
of the stress-strain curve. The elongation-at-break and the stress-at-
break is also shown from the curve. A rough indication of the toughness
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of the polymer Is the area under the curve (the work to break). A yield
point may be obtained which for some purposes may be as significant as
the ultimate strength.
Since most of the synthetic textile fibers are highly crystalline,
the crystallites are oriented parallel to the fiber direction. The
orientation is obtained while a stretching operation is carried out
after the fiber spinning. Melt spinning is one of the techniques used
to produce synthetic fibers. In order to orient the crystallites more
or less parallel to the fiber direction at a temperature below the
crystalline melting point, the fibers are stretched about four-fold in
length. During stretching operations, the mechanical properties of the
polymers depend on the amount of orientation and may result in ultra-
high strength and modulus properties for the textile fibers. The
elongation-at-break is less for the highly oriented fibers while the
tensile strength increases uniformly with increasing orientation. An
optimum compromise of properties is provided instead of the highest
possible orientation and tensile strength at some intermediate degree of
orientation selected.^
We will now focus our main discussion on the synthesis and
characterization of liquid crystalline polymers. At one time,
polyesters were of interest only as thermotropic polymers and polyamides
only for lyotropic behavior, but since then aromatic polyesters have
shown liquid crystallinity in solution. Morgan reported poly(l,4-
benzamide) as the first polyamide found to form a liquid crystalline
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solution in the development of fiber-forming aromatic polyamides. The
2,6-Naphthalene, trans-1,4-cyclohexylene, and p,p’-b1phenylene moieties
yield lyotropic polyamides since their molecular structure can retain
the linearity and rigidity characteristic of the p-phenylene group, p-
Phenylene units still retain their linear, rigid conformations when
connected by trans-azo or trans-vinylene groups, and the molecular
structures of such units are shown In Figure 1.^
Polymer solubility is a limiting factor In the preparation of high
molecular weight aromatic polyesters because the polymers have both high
melting points and low solubilities In all available reaction solvents.
In order to achieve very high molecular weights, aromatic polyesters
must be prepared by a two-step sequence involving first either a
homogeneous solution polymerization reaction or a melt polymerization
reaction, to form a polymer of Intermediate molecular weight, followed
by a final reaction of the polymer in the solid state. The generation
of very high molecular weight polymers In the solid state occurs In the
non-crystalline phase of the semi-crystal 1 Ine polymer at a temperature
slightly below Its melting point If carried out under high vacuum,^ and
If not, then the generating of high molecular weight polymers is
Impossible.
Table 1 contains structures of many different types of monomers
used to form liquid crystal aromatic polyesters and copolyesters. It
has been found that many aromatic polyesters and copolyesters show
Figure 1. Repeating units of polyamides which form lyotropic solutions. [Reference taken from:
Lenz, R.W. and Chapoy, L.L. "Recent Advances in Liquid Crystalline Polymers," Elsevier Science
Publishing Co., Inc.: New York, 1985, p. 5.]
Table 1. Honomers used in the Synthesis of Liquid Crystal Aromatic
Polyesters


























(X a H. halogen, alkyl)
[Reference taken from: Lenz, R.W. and Chapoy, L.L. "Recent Advances in
Liquid Crystalline Polymers," Elsevier Science Publishing Co., Inc.:
New York, 1985, p. 8.]
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thermotropic behavior. The copolyesters may contain either combinations
of different types of mesogenic units or combinations of mesogenic and
non-mesogenic units.^
For the synthesis of aromatic polyesters of intermediate molecular
weights, four basic approaches can be used. The first approach is
Schotten-Baumann reaction of an aromatic acid chloride with a phenol.
This reaction can be carried out in solution at elevated temperatures
(generally in a chlorocarbon solvent with a tertiary amine present to
react with the HCl liberated to form an ammonium salt). It can also be
carried out by interfacial polycondensation at room temperature (again a
chlorocarbon solvent is generally used for the phase containing the acid
chloride and a base is present as an ’HCl-acceptor’ in the aqueous phase
containing the difunctional phenol). Also, the Schotten-Baumann reaction
can be carried out as a melt reaction in which the HCl liberated is
removed by an inert gas stream or by maintaining the reaction mixture
under vacuum. The second approach for the synthesis of aromatic
polyesters is the ester interchange reaction in the melt at high
temperatures. This can be carried out by reaction of a diphenyl ester
of the aromatic dicarboxylic acid monomer with the difunctional phenol
monomer to liberate phenol, which is removed under vacuum and by
reaction of a diacetate ester of the difunctional phenol monomer with
the dicarboxylic acid monomer by a acidolysis reaction to liberate
acetic acid, which is readily removed under vacuum. The third approach
is the oxidative esterification reaction of an aromatic carboxylic acid
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with a phenol in the presence of a phosphorous compound and a
chlorocarbon. The final approach is polymerization reactions involving
the use of mixed anhydrides, which have been reported to give fairly
high molecular weight polymers.®
The copolymers are random or statistical in composition. The
acidolysis reaction has been successfully applied to preparation of
random copolyesters by interchanging monomers and high molecular weight
polymers, most notably in the preparation of poly{ethylene
terephthalate-co-oxybenzoate) by the insertion of p-acetoxybenzoic acid
with preformed poly(ethylene terephthalate) as follows:^®
However, a problem can arise when this type of molten, semi-
crystalline aromatic copolyester is maintained at temperatures at or
near its melting point for a prolonged period of time. Under these
conditions, the initially random copolymers can slowly reorganize to
multiple block structures by a process termed the "crystallization
induced reaction" of the copolymer. The ester interchange
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reorganization reaction can apparently occur either in the solid state
at temperatures close to the melting point or in the liquid crystalline
phase of thermotropic copolymers.
The rigid rod structures and high melting points of aromatic
polyesters make it difficult to dissolve these polymers at lower
temperatures in concentrations of more than a few percent. Some of the
solvents and solvent combinations which have been used for this purpose
are listed in Table 2 with a qualitative indication of their solvent
strength. Most of those solvents are acids or phenols themselves, so
care must be taken to prevent hydrolytic or exchange reactions which can
degrade the polymers, and this problem is of particular concern in the
determination of the molecular weights of these polymers. Nevertheless,
by trial and error, a particular solvent can sometimes be found for a
particular polymer with which molecular weights can be either estimated
by the use of solution viscosity or gel permeation chromatography, and
weight-average molecular weights can be directly determined by solution
light scattering.
We prepared and characterized several liquid crystalline polymers.
This research project consisted of synthesizing and characterizing
poly[oxy(2-methyl-1,4-phenylene)oxyterephthaloyl-co-oxy{2-methyl-1,4-
phenylene)oxy-l,4-phenylenediacetoyl] and poly[oxy(2-phenyl-1,4-
phenyl ene)oxyterephthaloyl-co-oxy {2-phenyl -1,4-phenylene)oxy-1,4-
phenyl enediacetoyl].
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[Reference taken from: Lenz, R.W. and Chapoy, L.L. "Recent Advances
in Liquid Crystalline Polymers," Elsevier Science Publishing Co., Inc.:
New York, 1985, p. 6.]
EXPERIMENTAL
Instrumentation
Infrared spectra were obtained from Nicolet 5DXB FTIR
Spectrophotometer using KBr discs. Inherent viscosities were measured
at 30°C with a Cannon-Fenske Viscometer at a concentration of 0.5g/100ml
in m-cresol and chloroform. Polarizing optical microscopy was performed
on a Leitz Laborlux 12 Pol Microscope.
Reagents
The o-dichlorobenzene solvent used in the polyesterification was
purified and dried by fractional distillation and stored over molecular
sieves. 2-Methylhydroquinone, p-benzenediacetic acid, o-
dichlorobenzene, and terephthaloyl chloride were all commercial
products. Terephthaloyl chloride was purified by crystallization using
dry hexane. 2-Methyldroquinone was purified by crystallization using
deoxygenated water.
Preparation of 1.4-Phenvlenediacetvl Chloride
To a 100ml round bottom flask were added 5g of p-benzenediacetic
acid, 13g of phosphorous pentachloride and 50ml of ethyl ether. The
solution was allowed to react and a rotary evaporator was used to remove
volatile side products. The product was then purified via





To a 250m1 three-neck round bottom flask equipped with a thermo¬
meter, a condenser, a magnetic stirrer, and a nitrogen inlet was added
2.99g (0.0241 moles) of methylhydroquinone, 2.44g (0.0120 moles) of 1,4-
phenylenediacetyl chloride, 2.77g (0.0120 moles) of terephthaloyl
chloride and 100ml of dry o-dichlorobenzene. The solution was heated
under reflux for 8 hrs at 178°C. The solution of the polyester was
allowed to cool and was then poured into 200ml of acetone. The
polyester formed was later filtered, and finally washed several times
with acetone, water, and methanol. The polyester was dried in a vacuum
oven for 24 hrs at 120°C.
Preparation of Polvroxv(2-Dhenyl-1.4-Dhenvleneloxvterephthalovl-co-
oxv(2-phenvl-1.4-Dhenvleneloxv-1.4-phenvlenediacetQvll. PCO II
To a 250ml three-neck round bottom flask equipped with a
thermometer, a condenser, a magnetic stirrer, and a nitrogen inlet was
added 2.12g (0.0114 moles) of phenylhydroquinone, 1.16g (0.0057 moles)
terephthaloyl chloride, 1.32g (0.0057 moles) of 1,4-phenylenediacetyl
chloride and 100ml of dry o-dichlorobenzene. The solution was heated
under reflux for 8 hr at 179°C. The solution of the polyester was
allowed to cool and was then poured into 150ml of acetone. The
polyester formed was later filtered, and finally washed several times





Elemental analysis results for copolyester I were as fol¬
lows: theoretical calculation for C32H24O3: C, 71.64; H, 4.48.
Found: C, 67.86; H, 4.53.
The infrared spectrum of copolyester I showed peaks at 3010 (weak,
aromatic C-H stretch), 1740 (strong, ester C-0 stretch), and 1500
(strong aromatic C-C stretching) cm'^. Also peaks appeared at 1100-1150
(strong C-0 stretch for the acetate ester) cm*^ and peaks at 1250-1310
(strong C-0 stretch for the benzoate ester) cm’^. A strong peak at 1010
cm‘^ is characteristic of aromatic C-H in-plane bending. A strong peak
at 710 cm‘^ may be assigned to the C-H aromatic out-of-plane bending
vibrations. The IR spectrum of copolyester I is shown in Figure 2.
The solid state carbon-13 NMR spectrum of copolyester I is shown
in Figure 3, The broad peak at 19.8 ppm is assigned to the carbon of
the methyl group. The sharp peaks at 31.0 and 40.5 ppm are assigned to
the -CH2- carbons. Broad and overlapping peaks are shown at resonances
between 125 and 150 ppm. Both peaks at 125 and 135 ppm are assigned to
aromatic carbons. The broad peak at 150 is assigned to the carbons
adjacent to oxygen in C-0 bonds. The sharp peak at 163.9 ppm is
assigned to the carbonyl carbons.
The thermogravimetrtic analysis of copolyester I (Figure 4) showed





Figure 2. Infrared spectrum of copolyester I




Figure 4 T6A thermograph of PCO I.
18
The differential scanning calorimetry thermogram of copolyester I
(Figure 5) showed endotherms at 323°C, 365*’C, and 385°C. These
endotherms may indicate melting and decomposition.
Solubility tests showed that copolyester I is insoluble in the
following solvents: chloroform, tetrahydrofuran, toluene, water, OMSO,
o-dichlorobenzene, methylene chloride, 1,2,4-trichlorobenzene, and
dimethylformamide. Partial solubility was observed in trifloroacetic
acid and m-cresol. Copolyester I is soluble in p-chlorophenol at
elevated temperatures.
Viscosity measurement indicated an inherent viscosity value of
0.68 dL/g for copolyester I.
Under the polarizing optical microscope (Figure 6), copolyester I
crystals began to melt and flow at about 200°C. The polymer began to
show various colors in a range of 230-327°C. Decomposition of the
polymer began at 332°C.
The polymerization reaction of PCD I is shown in Scheme I. First,
1,4-benzenediacetyl chloride is produced by reacting p-benzenediacetic
acid with PCI5. Finally, PCOI is produced by reacting 1,4-
benzenediacetyl chloride, terephthaloyl chloride, and methylhydroquine
in o-dichlorobenzene.
mcal/SEC
Figure 5. DSC thermograph of PCD I.
> n»










Elemental analysis results for random copolyester II were as
follows: Theoretical calculation for C42H28O8' 76.36; H, 4.24.
Found: C, 71.86; H, 4.36.
The Infrared spectrum of copolyester II showed peaks at 3066
(weak, aromatic C-H stretch}, 1409 and 1573 (weak, C-C in-plane
yibrations), 1728 (strong, ester C-0 stretch). Also, peaks appeared at
1073-1150 (strong C-0 stretch for the acetate ester) cm‘^ and peaks at
1272-1300 (strong C-0 stretch for the benzoate ester) cm‘^. The strong
peak at 1015 cm'^ is characteristic of aromatic C-H in-plane bending.
The peaks at 720 and 870 cm’^ may be assigned to C-H aromatic out-of¬
plane bending vibrations. The IR spectrum of copolyester II is shown in
Figure 7.
The proton nuclear magnetic resonance spectrum of copolyester II
in deuterated chloroform/trifluoroacetic acid is shown in Figure 8. The
peak at 7.27 ppm is probably due to deuterated chloroform. The peak at
8.13 ppm is assigned to aromatic protons and the peak at 5.39 ppm is
assigned to protons on carbon next to a carbonyl. The peaks between
3.75 and 4.60 ppm are probably spike impurity peaks. The peaks between
1.25 and 1.87 ppm may be due to impurities.
The differential scanning calorimetry thermogram of copolyester II
is shown in Figure 9. The endothermic peak at 151°C indicates a melting
transition.
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Figure 8. Proton NMR spectrum of PCO II.
H«atrlO«(M/9I
Figure 9. DSC thermograph of PCD II.
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Solubility tests showed that copolyester II is insoluble in the
following solvents: dimethylformamide, toluene, DMSO, water, methylene
chloride, o-dichlorobenzene, and tetrahydrofuran. Partial solubility
was observed in methanol. Copolyester II was soluble in chloroform.
Viscosity measurement indicated an inherent viscosity value of
0.324 dL/g for copolyester II in chloroform. This low value is due to a
low molecular weight.
The polymerization reaction of PCO II is shown in Scheme II.
First, 1,4-benzenediacetyl chloride is produced by reacting p-
benzenediacetic acid with phosphorus pentachloride. Finally, PCO II is
produced by reacting 1,4-benzenediacetyl chloride, terephthaloyl








According to the results, copolyester I is liquid crystalline and
copolyester II is not. Those observations are the result of the
polarizing optical microscopy studies. Copolyester I exhibits the
properties of an ordered fluid. Copolyester II showed no signs of
liquid crystallinity from the poarizing microscopy results.
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